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ABSTRACT 

In this paper we discuss quantum modified moduli spaces in supergravity. We examine a 
model suggested by Izawa and Yanagida and by Intriligator and Thomas that breaks global 
supersymmetry by a quantum deformation of the classical moduli space. We determine the 
minimum of the supergravity potential when the gauge coupling is taken to depend on a 
dynamical field, typically a modulus of string theory. We find that the only minimum is 
at the trivial configuration of vanishing coupling constant and unbroken supersymmetry. 
We also discuss models involving more complicated superpotentials and find that the gauge 
coupling is only stabilized in a supersymmetric ground state. 
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1 Introduction 



Supersymmetry plays an important role in particle physics as a possible extension of the 
Standard Model. Supersymmetric field theories also appear naturally as the low energy 
limit of superstring theories. However, since the physical world at low energies is not super- 
symmetric, any realistic model of particle physics necessarily has to incorporate a mechanism 
for supersymmetry breaking. This breakdown cannot be accomplished by perturbative quan- 
tum corrections but has to occur either at the tree level or non-perturbatively. The latter 
situation has been considered more attractive (for a recent review see and references 
therein) since it also bears the possibility of generating a hierarchy of scales. 

Izawa and Yanagida and independently Intriligator and Thomas suggested a non-pertur- 
bative mechanism that breaks supersymmetry for a class of N = 1 supersymmetric gauge 
theories 0. These models have a specific matter content (e.g. N flavors of quark supermul- 
tiplets in the fundamental representation of an SU(N) gauge theory) and in the absence of 
a tree level superpotential a moduli space of vacua which is not lifted by non-perturbative 
quantum corrections || || ||. The moduli space can be parametrized by the vacuum ex- 
pectation values (VEVs) of gauge invariant operators which satisfy a constraint equation. 
Non-perturbative quantum corrections do not lift the moduli space but they do modify the 
constraint equation. As a consequence certain regions (or points) of the classical moduli 
space are removed from the quantum moduli space. This, in turn, can lead to spontaneous 
supersymmetry breaking whenever the quantum constraint of the moduli is incompatible 
with the classical vacua. 

This class of gauge theories can potentially arise in the low energy limit of string theory 
H |7|, H|. In this case the gauge coupling g is not merely a parameter but determined 
by the VEV of a scalar field (a string modulus) 5*. In string perturbation theory S is a 
flat direction of the effective potential and hence its VEV (S) is undetermined. However, 
non-perturbative effects generically generate a potential for 5* and thus do determine (S). 
Indeed, the model of @ contains a potential for S once the gauge coupling is taken to be field 
dependent. However, as we will show in this paper the only minimum of the potential is found 
for vanishing coupling constant g = 0. (This has also been noticed in ||.) Furthermore, 
at this point the quantum constraint coincides with the classical constraint and therefore 
supersymmetry is restored at the minimum. This situation also occurs for a large class of 
generalized superpotentials and thus the mechanism for supersymmetry breaking suggested 
in p[ appears to be problematic when embedded in string theory. 

This paper is organized as follows. We first review the mechanism of and indicate 
the problem of runaway vacua when the gauge coupling is taken to depend on a dynamical 
field. We argue that a proper treatment of field dependent gauge couplings requires the 
coupling of the gauge theory to supergravity. This is done in section 3 using the Veneziano- 



Yankielowicz formalism which includes a 'glueball' superfield in the action [Hj, PH - Under 
reasonable assumptions for the Kahler potential for the glueball field we are able to solve 
the equations of motion in the absence of a tree level superpotential. For non-vanishing tree- 
level terms the minimization of the supergravity potential is only achieved in two (different) 
perturbative expansions. For the model of Izawa, Yanagida, Intriligator, and Thomas (IYIT) 
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we find that the minimum occurs for vanishing gauge coupling. 

In section 4 we extend the analysis to more general superpotentials proposed by Dvali 
and Kakushadze |12| which show non-trivial minima for S and therefore stabilize the gauge 
coupling at finite values. However, the vacuum is supersymmetric in these models and the 
gauge coupling is not small enough to generate a phenomenologically interesting hierarchy 
of scales A <C Mp\. Thus in the class of models considered S either runs away to infinity or 
it is stabilized in a supersymmetric vacuum without a hierarchy. 



2 Supersymmetry breaking on quantum moduli spaces 

Let us first summarize some well known results on the low energy limit of supersymmetric 
quantum chromo dynamics (SQCD). Consider SQCD with gauge group SU(N C ), and Nf 
quark flavors, i.e. 2Nf chiral matter fields Q ri , Q r i, r = 1, . . . , N c , % = 1, . . . , Nf which are in 
the fundamental and antifundamental representation of SU(N C ), respectively. Affleck, Dine, 
and Seiberg [TB|] showed that for Nf < N c the low energy degrees of freedom are given by 
the mesons M- = Q r iQ r ^ , and determined the effective (holomorphic) superpotential to be 
of the form 

/ \3N C -N f \ N c -N f 

W = < N '- N '> • w 

where A is the dynamically generated SQCD-scale. 

For Nf = N c no superpotential is generated by the strong coupling dynamics [[13|, |3j and 
hence there is a quantum moduli space spanned by the expectation values of the light degrees 
of freedom. These are most conveniently parametrized by the mesons M- and the baryons 
B = detQ and B = detQ, where Q and Q are viewed as (Nf x A^-matrices in the flavor- 
color-space. However not all of these Nj + 2 degrees of freedom (Mj, B, B) are independent. 
Classically the fields satisfy det M = BB; quantum mechanically this is modified || to 

detM- BB = A 27Vc . (2) 

Introducing an auxiliary superfield A the constraint (0) can be implemented in the super- 
potential via the Lagrange multiplier method, 

W = A(det M-BB- A 2Nc ). (3) 

By adding a large mass term for one of the quark flavors the superpotential (0) of the 
corresponding Nf = N c — 1 gauge theory is recovered upon integrating out the massive 
modes. Furthermore, it can be checked that at any point of moduli space the 't Hooft 
matching conditions hold for all unbroken symmetries 0. An important consequence of the 
constraint (||]) is the fact that the chiral symmetry is necessarily broken by the vacuum since 
the expectation values of the mesons and baryons cannot simultaneously vanish. 

Later in this paper we will concentrate on the case N c = 2 since it is technically easier 
in some respects. The fundamental and the antifundamental representation are equivalent 
in this case and therefore the Nf = 2 gauge theory consists of four fundamental quarks 
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Qi-,1 = 1, ... ,4. The confined degrees of freedom are arranged in an antisymmetric Matrix 
Mij = Q^e rs Q S j and there are no baryons. The constraint corresponding to (|]) now reads 

P f M = I e llkl M l3 M kl = A 4 . (4) 

o 

The authors of J| realized that this quantum constraint gives rise to a simple supersym- 
metry breaking mechanism. Consider the SU(2) Nf = 2 model with six additional singlet 
fields X % \i,j = 1, ... ,4, transforming in the conjugate antisymmetric tensor representation 
of the SU(4:) flavor group. It is easy to see that supersymmetry is broken when a term 
pMijX l i is added to the superpotential 

W = pTr(MX) + A(PiM — A 4 ), (5) 

where p is a dimensionless coupling parameter. The value of the potential V of the scalar 
fields at the (non-supersymmetric) minimum is 

<V> = (£l<W| 2 > = 2|pA 2 | 2 , (6) 

i 

where <9j denotes the derivative with respect to the z-th field. Note that supersymmetry is 
restored in the limit A — > || which corresponds to the trivial situation of an infrared free 
gauge theory. As we will see this generically occurs for field dependent gauge coupling. In 
string theory, for example, the coupling constant g of the perturbative gauge symmetry is 
determined by the expectation value of the dilaton superfield S. More generally, it is known 
rj| that at special points of the string moduli space the gauge symmetry is enhanced by 



non-perturbative effects and the coupling of this non-perturbative gauge theory is fixed by a 
modulus T other than the dilaton 5*. To treat the two situations simultaneously we denote 
the modulus determining the gauge coupling by S. At the Planck scale (Mpi) the inverse 
gauge coupling is matched to this modulus according to g~ 2 = Re(S') which implies 

A = M P1 e — (7) 

where b = 3N C — Nf. If this additional superfield 5* is present the value of A in the vacuum 
configuration is such that the potential is minimal also with respect to variations of 5*. 
Naively, one could just minimize (V) of © to find that the only minimum is at S — > oo. 
Thus also in the IYIT mechanism we encounter the 'dilaton problem', that is the generic 



fact that there is no stable vacuum at finite dilaton expectation values . 

For a more detailed treatment of this problem we need some information on the Kahler 
potential K of the theory. As the kinetic term of the dilaton is typically of order 0(M^, X ) ) 
it is necessary to consider the coupling of this gauge theory to supergravity. The relevant 
potential of the scalar fields is then given by 

V = e KM ^(DiWg i3 D]W - 3M^\W\ 2 ), (8) 

where D$V = diW + Mp 2 (diK) W and g^ is the inverse Kahler metric, i.e. g 13 d^djK = 8\. 
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Another question concerns the role of the auxiliary field A in @. The Lagrange multiplier 
technique is a manifestly supersymmetric way to enforce the quantum constraint on the 
moduli. But if supersymmetry is broken the condition (0) will presumably no longer be 
satisfied. It seems difficult to determine the deviations from the supersymmetric quantum 
constraint in this approach because the Lagrange multiplier is an auxiliary field and therefore 
not dynamical. A different approach to quantum modified moduli spaces can be developed 
using the Veneziano-Yankielowicz formalism jit]] which provides an appropriate framework 
to couple this class of gauge theories to supergravity. 



3 Coupling to supergravity and field dependent gauge 
couplings 

3.1 The glueball superfield in global supersymmetry 

Veneziano and Yankielowicz proposed an effective Lagrangian containing the glueball field 
U = ■^^W a W a , where W a is the field strength chiral superfield. For the case of 'pure glue' 
(Nf = 0) they determined the superpotential to be |IJ 

W = N c (Uln^-U). (9) 

The supersymmetric minimum is at U — lo^A? with uj^ = e 2mk / Nc a Zn c phase factor .[] The 
non-trivial VEV of U corresponds to gluino condensation^ and the N c vacua are in accordance 
with Witten's index ||16|| . It is instructing for what follows to discuss the Nf = case in 



more detail. Subtleties arise when the classical potential of the scalar fields is considered. 
The authors of ]I0| determined the leading term of the Kahler potential to be K ~ (UU)s. 



More generally one can expand the Kahler potential in powers of 1/Mpi and on dimensional 
grounds one hasQ 

00 f77r/W 3 



n=l -^Pl 

where the c n are dimensionless real constants. In global supersymmetry (Mpi — > oo) one 
only retains the first term in this expansion and denoting by <fi the lowest component of the 
chiral multiplet U yields the kinetic terms 

£kin = ^-|0|- 4/3 |^0| 2 + fermionic. (11) 

The potential for the scalar field is given by 



V = -|0| 4 / 3 

Cl 



111 



\3N C 



(12) 



1 One has to use the equation of motion dW/dU = mod 2m because of the different branches of the 
logarithm. Equivalently this can be viewed as reflecting the Zn c symmetry of the Lagrangian. 
2 The lowest component (j> of the superfield U is the gluino bilinear, <j> = (l/327r 2 )A Q A a . 
3 By using symmetry arguments it can be shown that this is an expansion in Mpi and not in A |17[|. 
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which shows the N c minima = u>fcA 3 and an additional minimum at <fi = 0. In |10| the 
latter solution is excluded because the kinetic term diverges at <fi = 0.0 



The generalisation of (P) to < Nf < N c is found to be |10 



This result can also be obtained directly from (|9|) by 'integrating in' quark matter [18]. The 
vacuum expectation value of U is determined from dWj dU = and found to be 

/ \ 3N C -N f \ Nc -n 

Expanding the superpotential in the fluctuations around the vacuum, U = U — (U), shows 
that the glueball superfield is massive as can be seen from the expansion of the superpotential 
W = ^fjytU 2 - (N c - N f ) (U) + 0(U 3 ). This was the main reason for the authors of |3| not 



to include U in the effective Lagrangian, since the Wilsonian effective action only contains 
the light degrees of freedom. It is easy to see that upon integrating out the massive glueball 
field one recovers the Affleck-Dine-Seiberg superpotential ([!]). 

For Nf = N c one has to include the baryons into the analysis and obtains jTl| (see also 
0) 

u/ TJ . (detM-BB\ 

W = U\n(^ — y (15) 

The supersymmetric minimum which satisfies diW = results in the constraint (0) and 
(U) = 0. The kinetic terms only depend on K and hence as in the Nf = case they diverge 
at U — (cf. eq. ([TT|)). However, in this case, it is not possible to exclude the solution at 
U — 0, else there would be no stable vacuum at all. Furthermore, from (|15| ) it is clear that 
U is now massless and thus there should be a consistent low energy description containing 
the fields U, Mj, B, B in the case Nf = N c . 

The difficulties with singular kinetic terms could be avoided if in the general expansion 
for the Kahler potential ( |I0D the first two coefficients c\ and C2 vanish for Nf = N c . This 



has the additional property that the kinetic term of the glueball field vanishes in the limit 
of global supersymmetry {M-p\ — > oo). The field U can therefore be identified with the 
Lagrange multiplier A of eq. (Q). More precisely, expanding the logarithm in (plj) in powers 
of e = dct ^2iv e g ' B — 1 and comparing with (||), one sees that U = A 2Nc A up to corrections 
of order 0(e 2 ). Therefore the approach to quantum modified moduli spaces containing the 
glueball superfield U seems a natural candidate to elevate the Lagrange multiplier in (0) to 
a dynamical field jS], []]. In the following we will assume c\ = C2 = in (TTD|) although we 
were not able to prove this statement more rigorously. 

Before turning to a concrete application of this method to supergravity, we would like to 
comment on a suggestion of Kovner and Shifman [ I9| . They propose that the U = solution 



4 Alternatively this can be seen by a field redefinition U = Z/s , such that the kinetic term has the canonical 
form. Now OW/dU shows the additional zero at U — but at U = this field redefinition is not invertible. 
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of the Nf = theory could be physical, in contrast to the discussion of eq. (|12|) above. They 
argued that the divergence of the kinetic term simply reflects the fact that one cannot trust 
the Veneziano-Yankielowicz Lagrangian for dynamical issues. A possible vacuum of SU(N C ) 
gluodynamics with (U) = corresponds to a vanishing gluino condensate, (AA) = 0. This has 
drastic consequences for the vacuum structure of SQCD (Nf > 0). The authors of |L3] found 
that the effective superpotential ([!]) is generated by gluino condensation (if Nf < N c — 1). 
The gluino condensate (AA) = A 3 appears in the strongly coupled unbroken SU(N C — Nf) 
pure gauge theory on the Higgs branch of SU(N C ) SQCD, where all mesons acquire large 
vacuum expectation values. If the chirally symmetric phase exists at Nf = 0, then at Nf > 
an additional branch with vanishing effective potential must be present. Consequently, in 
this case, the quantum moduli space at Nf = N c should contain a point at the origin 
M = B = B = 0in addition to values of M,B,B obeying (0). Otherwise one would not 
recover a vanishing superpotential upon integrating out the massive modes in the limit that 
all quark flavors get very heavy. This scenario predicts a stable ground state of SQCD for all 
Nf < N c +1, with the vacuum expectation values of all gauge invariant composites vanishing, 
in contrast to what was expected from the work of |13|]. On the assumed additional branch 
of the moduli space the full global symmetry SU(Nf) L x SU(Nf) R x U{1)b x U{1)r is 
unbroken. As a consequence the IYIT model presented in the previous section would not 
break supersymmetry but have a supersymmetric ground state at the origin of the moduli 
space. 

The possible existence of this chirally symmetric phase was also discussed by the authors 
of [20, 21]. They pointed out that in the Nf = case a vanishing gluino condensate does not 
seem to be compatible with the global symmetries. A similar problem is found when Nf > 0; 
there is no obvious spectrum of effective degrees of freedom such that the 't Hooft anomalies 
are matched between the microscopic and the macroscopic theory. The effective (macro- 
scopic) degrees of freedom are gauge invariant holomorphic polynomials in the elementary 
fields Q, Q, W a . For the minimal spectrum containing only the fields Mf , B, B, U the match- 
ing conditions are not satisfied at the origin of the moduli space (e.g. the SU ~(N f) 2 L U (1) b 
anomaly is proportional to N c and non-zero in the microscopic theory but vanishes in the 
macroscopic theory). The only possible additional effective degrees of freedom are exotics of 
the form 



«fc«JV c 



E W „ e ri ... rNc Q riH ■ . . . (W ak ) r »cQ 

M,l e ri-rjv e e V V Vsiji Ws Nc _ k j Nc _ k { W )s Nc _ k+1 \ vv )s Nc 



e k m\2 ~ Q n (w ai ---w a «y r Q 

For Nf < N c it seems difficult to find a subset of these that satisfy all of the matching 
conditions. For Nf = N c the argument can be made more precise. Since the non-anomalous 
R-charge of the quarks vanishes in this case, the R-charge of the fermionic component of 
Eg, M is > 1. However the U(1)r anomaly is matched between the microscopic and the 

macroscopic theory when only the the effective fields M/, B, B, U are present. This matching 
is no longer possible when any of the exotics is added, because there are no (holomorphic) 
exotics with zero or negative R-charge. We will therefore assume that at least for Nf = N c 
there is no chirally symmetric phase. 
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3.2 Quantum moduli spaces in supergravity 

As an application of the ideas presented above let us now discuss the embedding of quan- 
tum modified moduli spaces in supergravity. We start with the situation where no tree-level 
superpotential is present. For an SU(2) gauge theory with Nf = 2 quark flavors the super- 
potential is given by 

PfM 

W=Uhy?JL. (16) 

As we do not know the Kahler potential of the theory for M and U, we make an Ansatz 
as a power series in the fields: 



K 



i<j n=l 



2(n-l) 
PI 



n=3 



Mi 



2(n-l) 



dln^ + S), 



(17) 



pi 



where the coefficients a n , c n , <i are real dimensionless constants. Positivity of the Kahler 
metric didjK requires that generically at least a\,C3,d are > 0. If S is the dilaton, then 
d — 1 holds. 

The supersymmetric vacuum is determined by the equations 



D Mij W 



D V W 



D § W 



U 



K 



\t l ' jkl M kl + ^U\n 



PfM 



. PfM K v PfM 
In —r-, — h -tt^-U In ■ 



A 4 



8tt 2 



A 4 



PfM 
T 4 " 

= 0, 



2Re(5) 



PfM , 
t^^ 4 "" = °' 



(1* 



where if Mii = dK/dMij, K v = dK/dU, and we have used the relation A 4 = Mp L e 871-2 
The eqs. (|T%D are satisfied for PfM = A 4 , [7 = and 5 1 arbitrary which determines the 
supersymmetric vacuum configurations. The supergravity potential V, defined in (|Sp vanishes 
at this configuration, since D{W = W = 0. To see if there are other minima than the 
supersymmetric one, we need the explicit expression of V. It is given by 



V 



e KM m 



In- 



PfM 



A 4 



fM& + |f/| 2 (£ 



\e ijkl M, 



PfM 



« , K Mi . PfM 
h — m 



M|, 



A 4 



M|, 



16 ^Re0)-ln PfM 



d 



A 4 



M|, 



M^ 



(^) 2 ^ C/ + - 3 



In 



PfM 



A 4 



(19) 



where K, 



u 



Eco n 
n— " Cr 



=3 ^ 3 



Iv^T" J and ^ - M P1 5 - ^ n=1 7 n 

less real functions of £7, and g^ 7 > 0. An exact minimization of this potential is difficult but 
one can show that V > holds if PfM ^ A 4 when reasonable assumptions on the Kahler 



71-1 



are dimension- 



J For simplicity of notation we use the same symbols for chiral superfields and their lowest components. 
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potential are made. We split the potential into two parts, one containing all the terms pro- 
portional to | ln(PfM/A 4 )| 2 and another one consisting of the remaining terms. For the first 
part one has 




(\U\ 2 K L 



-Ku~g u + 



\U\ 2 K, 



u 



(2Kug u - 3) + ku~g u M^ 



> if K v f > 



(20) 



The second part is always positive and therefore V is positive whenever Kug u > |. We do 
not know the coefficients c n in the general expansion of Ku but when we assume that the 
coefficients c n of the Kahler metric dud^K = J2 n c n {\U\ 2 ^ / M^ n are at most of order one, 
i.e. do not grow with n, (else it would diverge for U ~ Mp^), then c n = (3/n) 2 c n = 0(9/n 2 ). 
From the power series expansion of Kjj and g u one finds that the condition Kjjg u > | holds 
if \U\ < 0.5 Mpj. In addition, a numerical analysis shows that the left hand side of ( |20| ) is 
always > — \U\ 2 (when the Kahler metric has no singularities for < \U\ < 1). In addition, 
one has for the second part of the potential 



E 



U ijkl M, 



A7 



PfM 



+ 



K 



In 



PfM 



A 4 



16 ^W)-m PfM 



d 



A 4 



> 



In 



PfM 



A 4 



and therefore V > 0. This implies that the supersymmetric configuration is indeed the 
absolute minimum of V. Thus, as could be expected, the quantum moduli space of global 
supersymmetry is not altered by supergravity. 



3.3 Local supersymmetry breaking with fixed A 



Now we are ready to couple the IYIT model to supergravity. Before discussing the question 
of a field dependent scale A let us determine the effects of supergravity when A is a fixed 
parameter of the theory. We first calculate the correction for the constraint (H) when su- 
persymmetry is broken. In the limit Mpj — > oo this constraint is not modified because U is 
an auxiliary Lagrange multiplier field in this case. The corrections to the ratio PfM/A 4 will 
therefore be suppressed by some power of |A|/M P1 . We assume that the expectation values 
of all fields are of order 0(A) and |A| M P1 . The superpotential (|5|) now reads 

PfM 

W = pTr(MX) +Uln 



A 4 



At the leading order in |A|/Mpi the Kahler potential is 



+ O 



l<3 




Next, the potential ([8]) 
V = a, y P X ij + 



+ 



In 



«iE 

i<j 

PfM 



is expanded in powers of |A|/Mpi: 
U 



i<j 



(21) 



(22) 



(23) 



A 4 



7i (M, 



pi 



+ \K 2 



+ 12 {M 2 X + K)\U\ 2 " + 1 ,\U\^\ + o 



1 4/3 
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where a>i 



67' 7i 



i 



72 



6c f — ttt^. The minimum in the 

9 ci 



Oi > - 1 6i ? ' x ca > ' y c| > > ^ 81 c| 

directions X 1 - 7 and Z7 is at X iJ = [7 = 0. Then, minimizing with respect to M\% yields 



2 w O! M 12 2 



+ 7i 



^(MpN + KM^ + ^ln 



pf^v-^i 1 ■ 2" /- A 4 

This quadratic equation in ln(PfM/A 4 ) is solved by 




(24) 



In 



PfM 



■\P\ 



2 (3 1 Mi 2 PfM 



7i M 34 Mj 



+ O 



pi 



I 1 2 A 1 



|M,f 




(25) 



The second equality follows from the other equations dV/dMij = 0; they imply |Mi2| 
|M 34 |, |M 13 | = |M 24 |, |M 14 | = |M 23 | and the phases are such that e"^PfM = |Ei< 
where (p is defined by M 12 M 34 = e 4</3 |M 12 M 34 |. Therefore the leading correction to the 
constraint (f|) is given by 



•IM--I 2 



PfM 



1 - 



A 4 

M 4 



+ 




(26) 



where we have assumed /3i = 71 = 1 for simplicity. 

At the first order in |A 2 |/Mpj the result obtained in global supersymmetry for the vacuum 
energy (V), eq. (|B|), is only modified by the prefactor e KM v\ , 



(V) = 2|pA 2 |" l + 2a 4 



|A 2 



+ O 



|A 



412 " 



(27) 



The correction (1213) causes a shift of order O(-^J-) in V but there are other corrections of 

— p i 
the same order due to the fact that the vacuum configuration is no longer at X 1 - 7 = U = 

when higher powers of |A|/Mpi are taken into account in (0). To determine these would 

take more effort. Instead let us now turn to the case of a field-dependent scale A. 



3.4 Field dependent gauge coupling 

In the previous section we discussed quantum modified moduli in supergravity when either 
the tree-level superpotential vanishes or the scale A is a fixed parameter. Let us now treat 
in more detail the model of with A being a field dependent scale. In particular we are 
interested if there is a stable vacuum at finite values of S or not. 
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We need to locate the minimum of the potential V associated to the superpotential 
Since the analytical expression of V is again rather involved it is difficult to minimize 
the supergravity potential exactly When discussing the case of fixed A we expanded the 
potential in powers of |A|/Mpi. The same expansion procedure now produces at leading 
order 

/ |A 2 |\ ^/|A 4|2X 



<V> = |MTRe(Sr U + +0 ^-1, (28) 



. 2 1 2 d\-d 

where A 4 = Mp^e -871 " 25 . The additional term g ss \D§W\ 2 in the potential V is of order 

0(|A 4 | 2 /Mp!) because X tj and U vanish at leading order and the additional term —d\a(S+S) 
in the Kahler potential gives the overall factor l/2Ke(S) d in (|28|). Positivity of the Kahler 
metric in the limit Mp\ — > oo requires a\ > 0. Thus we recover the problem of the runaway 
vacuum indicated above: the only minimum is at S —>■ oo which is again a supersymmetric 
solution. 

It is interesting to note that, at the leading order, this result is not altered when an 



arbitrary superpotential Wn(S) is added to (f2"T|), which only depends on S and is at most of 
order £>(A 3 ). Since g §§ \D § (W lYlT + W N )\ 2 and Mp 2 \W lYlT + W N \ 2 are of order O^A^/M 2 ^ 
we obtain (V) = \pA 2 \ 2 Re(S)~ d + 0(\A 6 \/M^). This implies that the string modulus S is 
still driven to infinity even in the presence of an arbitrary superpotential Wn(S). 

An expansion in |A|/Mpi is slightly more problematic when the gauge coupling depends 
on the dynamical field S, since the ratio A/Mpi = e~ 2n2 ^ is fixed by the equations of motion 
and not apriori a small parameter. Thus within a self-consistent treatment we can only state 
that for large (but finite) (S) there is no stable vacuum. The domain which is not covered 
by this approximation corresponds to a gauge theory which is strongly coupled at Mp\. For 
example, demanding 47r/g 2 > 1 results in |A 2 |/Mpj < 0.04 which does justify the above 
expansion procedure. 

An alternative approximation which does not use the smallness of |A 2 |/Mp! is an expan- 
sion of V in powers of p. In section 3.2 we found the exact solution for the p = case. Let us 
now calculate the perturbations around the p = solution. For simplicity we place ourselves 
at the point M^ 0) of the moduli space where Affj? = M 3 ( ? = A 2 , M$ = Aff? = M$ = 

M 2 ( ° } =0. The Ansatz 

M i:j = M\f + P M lv U = pU, (29) 

yields the superpotential 

W = P A 2 (X 12 + X 34 ) + 0(p 2 ). (30) 
To obtain an explicit expression for the scalar potential we need an additional assumption 
on the form of the Kahler potential. In analogy to (|17|) we make the Ansatz 

i<j n=l -'"PI *<i n=l -'"PI n=3 -'"PI 
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For V of (||) this gives to lowest order in p 



V 



^KM~ 2 i 1 2 



x 12 + £ + (X 12 + X 34 )iT M 



+ 



x 34 + ^ + (X 12 + X 34 )X M 



g M Mp\ + 



M12 + M 34 



+ |A 2 | 2 
d 



-12 , Tr34\-^X 



1 + (X" + X 



PI 



yis v-12 

2 X x + 



A 2 

1 + (X 12 + X 



,L7I7 



(32) 



12 ,-:t; ' v 'v :i; 



M 2 , 



x 34 x 3 



16vr 2 ~ 



C/Re(S) - A 2 (X 12 + X 34 ^ 



d 



I A 



212 



-3^Hx- + x«n + o(H 



pi 



where X M = E~ 1 a„f ( ) and # M = M^ 2 g M ^\ Ml2=A 2 = E^ =1 «n 



|A 2 | 



The minimum with respect to My and Z7 is at 



M12 = -M34, = -(X 12 + X 34 )A 2 h(S) 

A ^ M (i+X M )-87r 2 Re(5)^ 
with /i(S) - 



(33) 



^ + f(8vr 2 Re(S)) 2 ^ 



A 2|2 
PI 



To further simplify the expression of V we will assume canonical Kahler potential for the 
X l \ i.e X^i2 = X 12 , Xx34 = X 34 . This is justified because the X*- 7 are elementary fields 
and not composite and the one-loop correction to the canonical Kahler potential is of order 
£>(|p| 2 ) ||. Now, inserting in (gD gives 



V 



-KM- 



+ 



\p\ 



X ™ + (X V2 +X u )(K M -h(S)) 



X 34 + (X 12 + X U )(K M - h(S)) jg M M^ 
+ (2 + ^|-|X 12 + X 34 | 2 + -^r\X 12 + X 34 | 2 (|X 12 | 2 + |X 34 | 2 )^) |A 

h(S)Re(S) + lV - 3 ] |X 12 + X u \ 2l 4~P\ + 0(|p 14 



d 



M 2 ! 



(34) 



If h(S) > then the minimum is at is at X 12 = X 34 = (we assume d > 1). This is 
indeed the case if the coefficients a n of the Kahler potential are at most of order 0(4/n 2 ), 
which is necessary for a regular behavior of the Kahler metric d^d^. K. This result is 

obtained from a numerical analysis of the function h(S) defined in ([33]). 
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On the subspace of field configurations where all fields except S are at the minimum 
values V has the form 

„ A exp (2 En-i a n e-^ 2Re ^ n - 87r 2 Re(S)) 
V| min = \ P \ 2 M^ ^ ^ + 0{\ P \% (35) 

We find again that, at least to order C(|p| 2 ) | and for Km > 0, there is no stable ground state 
except the trivial one at S — > 00. To summarize, the supersymmetry breaking mechanism 
proposed in only works when the scale A is a fixed parameter. When this mechanism is 
embedded in string theory, the gauge coupling and therefore the SQCD-scale depend on a 
modulus field 5* and the vacuum is driven to the trivial case A = 0. 



4 Other models and conclusion 

An interesting question to ask is whether the behavior of the simple IYIT model is generic 
or if there are more general models that break supersymmetry on quantum moduli spaces 
and at the same time stabilize the string modulus S at finite expectation values. We start by 
considering more general tree-level superpotentials and then show how this can be generalized 
to other gauge groups. 

Let us first mention a simple mechanism to fix the VEV of S while preserving supersym- 
metry which was proposed by Dvali and Kakushadze fll2] . Consider an SU{2) gauge theory 
with Nf = 2 and one additional singlet field X and superpotential 

11 PfM 
W = (£-X)PfM + — '—x k+1 + Uln^-. (36) 

k + 1 A 4 

It results in a supersymmetric ground state at 

A 4 = PfM = 7?£ fc -> S = -(£;/87r 2 )log(£7^), (37) 
provided |r/£ fc | < 1, which is equivalent to 1/g 2 = Re(S') > 0. The solution ( |3T| ) is obtained by 



demanding diW = [pT2| . A numerical analysis shows that when supergravity is switched on 
there is still a supersymmetric solution, i.e. DiW = 0. For example, for 77 = 1, £ = 0.3, k = 2 
one finds[] A 4 « PfM m 0.16 Mpj — > Svr 2 ^ ~ 1.8. The supergravity corrections to the 
quantum constraint are very small 1 — PfM/A 4 w 7 • 10~ 6 , but the result for PfM differs 
considerably from the one obtained in global supersymmetry which is given by PfM = 77 £ 2 = 
0.09 Mpj. As the superpotential W does not vanish at the minimum (W ~ 0.005 M^), the 
potential V ~ —9 • 10 _4 Mp 1 is negative for this non-trivial ground state, whereas V = in 
the limit S — > 00. 



6 This should be a good approximation because in the IYIT model global supersymmetry is broken for 
arbitrarily small p. 

7 To do this calculation we assumed canonical Kahler potential for X and chose the coefficients for My 
and U in to be C3 = 1, a\ = 4, a-2 = I, 03 = 4/9, CI4 = 1/4. Higher orders do not significantly change 
the results. Different values for the coefficients a n , which still decrease like 1/n 2 to guarantee the regularity 
of the Kahler metric, may change the results by 10-20%. 
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This can easily be generalized to a large class of models achieving the same results [12 . 
To get dimensionless couplings in more general superpotentials it is convenient to scale out 
factors of Mpi and define My = M^/Mpj. Let P(PfM) be an arbitrary polynomial of PfM 
and X a SU{2) singlet. Then consider 



W = pXV(PfM) Mpj + U In 



PfM 



(38) 



As there is no potential for the singlet field X, it acts like a Lagrange multiplier enforcing 
another constraint on the moduli (in addition to the quantum constraint). The global 
equations of motion set X = U = = V(PfM) and PfM = A 4 . Therefore A 4 is fixed to be 
one of the zeroes of V . If V(x) has zeroes at values |x| = e~ 87r2Re ( 5 ) < 1 then S and therefore 
also the gauge coupling are stabilized at finite values, or else supersymmetry is broken. In 
the former case, because of (W) = the globally supersymmetric solution, diW = 0, is still 
a solution of D^W = in supergravity. To see if there are additional non-supersymmetric 
minima of the potential, we have to write down the explicit expression for V. We expand in 
powers of p and make the Ansatz ( p9|) . At lowest order in p this yields the superpotential 



W = pXV 



' A 4 ' 



M 



pi 



+ O (p 2 ) 



and the scalar potential (we assume K x = X) 



(39) 



v = HV ^ (2 



/ . A 4 ~ \ U 



M 4 



|A 



212 



+\V\ (M^ + 2|X|"M^+ |X| 4 ) + 
U 16tt 2 



+Mpjd 



Mp! d 



-Re(5) - XV 



M 12 + M 34 



A 2 



MU 



-3Mp\|XP| 2 + O (|p| 4 ) , 



(40) 



where V{x) = dV(x)/dx. An analogous discussion as in section 4 shows that the minimum 
is at 



M 



12 



-M 34 , U = -XVM^h(S) 



(41) 



-Ml V'A 4 



with h(S) 



y 



+ K M )-87T 2 Re(S) 1 -^ 



Generically the function h(S) is positive and, as a consequence, the minimum is at X = 0. 
Thus we obtain 



VI 



p| 2 M 4 , \V(e 



-8tt 2 S\|2 



exp (2 E^°=i a n e- 4w2Re ^ n 
2Re{S) d 



o{\ P \% 



(42) 
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This result remains true in the limit V — > 0, although h(S) is not well defined in this limit. 
Thus the supersymmetric configuration V = = X = Uis the absolute minimum of V 
with vanishing vacuum energy. For large Re(S') there are no additional non-supersymmetric 
relative minima if V contains no constant terms (i.e. V(0) = 0). The minimum requires 
K M + l/(8vr 2 Re(^) d ) + P'/T = 0, but since for large Re(S) the quotient V'/V goes like 
e +87r 2 s ^Yiis condition can never be satisfied. 

The following class of models seems to be interesting, because they allow to stabilize the 
gauge coupling without introducing additional singlet fields at all. Let P(PfM) again be an 
arbitrary polynomial of PfM and consider the superpotential 



W = pV(PfM)M^ + U\n 



PfM 



(43) 



In global supersymmetry and fixed A this has a supersymmetric minimum at PfM = A 4 and 
U = —pVA^/Mpi. Varying with respect to S demands U — and therefore fixes A 4 /Mpj 
to be a zero of V. If V'(x) has no zero at \x\ < 1, then only the trivial solution, S — > oo 
and PfM = 0, remains. Of course a correct treatment of this problem requires to solve 
the supergravity equations of motion. Numerically one finds that there is a supersymmetric 
solution, i.e. DjW = 0, and at least for small p, A /Mpj lies near a zero of V. E.g. for 
V(x) = 2x 2 —x and p = 0.1 one has e~ Sn2s ~ 0.254. The quantum constraint gets only small 
corrections, 1 — PfM/A 4 w 6 ■ 10~ 5 , and the vacuum energy is negative (V) ~ — 0.02 Mpj. 

The analytic expression of the potential at the minimum with respect to U and is 
given by 



VI 



\p\ 2 e KM > 



pi"M 4 L 



V 



A 4 
Mp~ 



+ VK_ 



M 



Vh(S) 



|A 



212- 



+d 



(16ir 2 /d)Re(S)Vh(S) + V 



-3\V\ 



0[\p 



(44) 



In general it is rather hard to see if there are additional minima which possibly stabilize S 
while breaking supersymmetry. However the simplest case P(PfM) = PfM can be treated 
at least numerically. As V has no zeroes we expect that there is no non-trivial vacuum 
configuration. The supergravity potential now reads (for simplicity we assume d — 1) 



VI 



\p\ 2 e KM * 



|A 



4 1 2 



M 4 



2 (l + K M - h(S)) 2 0^g M + \167r 2 Re(S)h(S) + 1\ 2 - 3 



+0(H 4 ) 



(45) 



We find that V is positive and monotonously decreasing.^ This means that indeed the only 
minimum is at S — > oo. 



This was obtained by a numerical analysis taking for Km, y the power series expansion given in the 
line below eq. (|32|), expanding V in powers of |A 2 |/Mpj up to (|A 2 |/Mpj) 8 and assuming for the coefficients 
of the Kahler potential a n — ^/n 2 . If the coefficients are smaller, e.g. a n — 1/n 2 , this result is not modified 
for 87r 2 Re(S') > 0.3. For very small S we can make no statement because even higher orders of the power 
series expansion become important. 
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These models show that dynamical stabilization of the gauge coupling constant is possible 
in supersymmetric vacua. This mechanism determines 8n 2 (S) at values of order one, but 
(S) ^> (87T 2 ) -1 is only possible when some of the coefficients of the polynomial V (or rj^ k 
for the model (j36p ) are exponentially small, which is not natural. Thus for moduli which 
determine the gauge coupling of a non-perturbative gauge group this mechanism is viable 
but it is not so attractive for stabilizing the dilaton of perturbative string theory. 

Finally, let us observe that the results obtained for the SU(2) gauge theory can easily 
be generalized to other (symplectic or unitary) gauge groups. First consider an Sp(2N c ) 
gauge theory with Nf — N c + 1 quark flavors, i.e. 2(N C + 1) quarks Qi in the fundamental 
representation of the gauge group. The low energy theory is described by a quantum moduli 
space spanned by the VEVs of the 'mesons' My = Q^J rs Qj, where J is the Sp(2N c ) invariant 
skew-symmetric form. They satisfy the constraint |23|] 



PfM = h-i 2 N f tut M , _ qA^-I a2(JV c +1) 

riIV1 — 2N f J\f I 1V1 lll2 1V1 l2N f -l*2N f — Z iY • l^ U J 



The IYIT superpotential has the same form as in eq. ( f21~1) 



PfM 

W = pTr(MX) + f/ln-^-^, (47) 

where the factor 2 Nc ~ l has been absorbed in a redefinition of the mesons. The minimization 
of the supergravity potential is very analogous to the SU{2) case and yields 



V| min = (iV e + l)|p| 2 M^ P ^ ^ 2 Re(Sy + 

(48) 

where we have used A 2 (^ +1 ) = Mpj^+^e- 8 " 25 . 

A generalization to SU(N C ) gauge theories is technically slightly more difficult because of 
the appearance of baryons, but this should not change the conclusions. The superpotential 
is (we need two additional singlets Y and Y) 

W = p(Tr (MX) + YB + YB) + U In ^^"^ (49) 



We expect that the supergravity potential will be qualitatively very similar to (^8|) . Thus, 
the dilaton runaway problem is present in all IYIT type models with unitary or symplectic 
gauge groups. 

Let us summarize. In this paper we investigated the IYIT mechanism for the case of a 
dynamical, that is field dependent gauge coupling. We argued that the presence of a dilaton- 
like modulus S requires the coupling of the IYIT model to supergravity. This can be achieved 
by employing the Veneziano-Yankielowicz formalism. The minimization of the corresponding 
supergravity potential shows that the vacuum is destabilized and runs to the supersymmetric 
configuration at A = 0. This result holds for any symplectic (and presumably also unitary) 
gauge theory with only fundamental matter. Some more general tree-level superpotentials 



15 



for the mesons show non-trivial minima for S but these are supersymmetric ground states. 
Thus, it seems that for a gauge theory whose low energy dynamics is described by a quantum 
modified moduli space only two situations generically occur when a non- vanishing tree-level 
potential is present: Either in global supersymmetry there is a stable ground state which 
leads to a supersymmetric minimum for all fields including S in supergravity or global 
supersymmetry is broken by the ground state but restored when the gauge coupling gets 
dynamical because (S) is driven to infinity. 
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